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INTRODUCTION 

The measurement of i n - f l i g h t  s k i n  f r i c t i o n  d r a g  on hypersonic  aerodynamic 
bodies  r e q u i r e s  t h a t  measurement instruments  be  subjec ted  t o  extreme environmental  

cond i t ions .  
be  sub jec t ed  t o  a r a p i d l y  changing temperature  environment which v a r i e s  from a 

few degrees  Rankine (due t o  l i q u i d  hydrogen l ines)  t o  2000°F o r  more. 
f r i c t i o n  meter is expected t o  o p e r a t e  i n  a v e h i c l e  t r a v e l i n g  a t  r e l a t i v e l y  high 

Mach numbers and a t  a l t i t u d e s  i n  excess of  100,000 f e e t .  
t h e  v e h i c l e  s k i n  i s  u s u a l l y  a t  a premium f o r  measurement in s t rumen ta t ion  so it 

i s  d e s i r e d  t o  keep package dimensions near t h e  sk in  t o  two inches  i n  t h i c k n e s s  

or  less. 

I n  a d d i t i o n  t o  a s eve re  v i b r a t i o n  f i e l d ,  a s k i n  f r i c t i o n  meter may 

A sk in  

Mounting space near  

L i t t l e  informat ion  i s  a v a i l a b l e  from t h e  l i t e r a tu re  t o  guide  t h e  des ign  
of a s k i n  f r i c t i o n  meter f o r  high tempera ture  environments,  a l though Kistler 
Instrument  Incorporated'  c la im opera t ion  t o  1500'F f o r  a s k i n  f r i c t i o n  meter 
they  have developed. T h i s  performance i s  obta ined  by enc los ing  t h e  meter i n  

a c o o l i n g  j a c k e t  t o  overcome t h e  high tempera ture  problem. 
informat ion  i n d i c a t e s  t h a t  Kistler uses a c losed  loop  n u l l  ba l ance  system t o  
measure d r a g  u n  a small  s e c t i o n  of skin which i s  free t o  move p a r a l l e l  t o  t h e  

sk in  sur face .  
developed t o  make measurements on Arobee-Hi Rockets. 

t hey  d e s c r i b e  an open loop  system which uses a f l e x u r e  t o  c o n s t r a i n  a tes t  segment 
of t h e  missile s k i n .  A l i n e a r  v a r i a b l e  d i r r e r e n t i a l  t ransformer  (LVDT) i s  used 
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3 displacement  and provide a read-out s i g n a l  s i n c e  displacement  
i s  p r o p o r t i o n a l  t o  f r i c t i o n  drag.  

A b a s i c  system i s  d e s c r i b e d  i n  t h i s  paper which o p e r a t e s  s a t i s f a c t o r i l y  a t  
room tempera ture  and i s  be l ieved  t o  be  capable  of  o p e r a t i n g  t o  2000°F with t h e  

s u b s t i t u t i o n  of  a few c r i t i c a l  high temperature  components. 
have been taken  t o  900°F on Components developed f o r  high tempera ture  o p e r a t i o n ,  

and cont inuous  o p e r a t i o n  of  t h e s e  components i n  a 2000°F environment i s  a n t i c i p a t e d  

by s u b s t i t u t i n g  s p e c i a l  m a t e r i a l s  i n  the b a s i c  c o n s t r u c t i o n .  

motor a r e  l o c a t e d  i n  t h e  h o t  envirodment w h i l e  t h e  a m p l i f i e r  segment o f  t h e  
c o n t r o l  l o o p  i s  placed i n  a remote,  cool l o c a t i o n .  Bas ic  t h e o r y  and low 
t e m p e r a t u r e  experimental  resul ts  H i l l  be  presented  h e r e  even though a high 
t e m p e r a t u r e  c a p a b i l i t y  has been t h e  main concern i n  t h e  g e n e r a l  approach t o  

t h e  problem and i n  t h e  d e s i g n  because t h i s  in format ion  should be o f  v a l u e  t o  
o t h e r s  working i n  t h e  a r e a  i n  view o f  t h e  f a c t  t h a t  l i t t l e  o r  no r e l a t e d  
informat ion  i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  

b e  r e p o r t e d  when t h e  d a t a  a r e  complete. 

Pre l iminary  d a t a  

The sensor  and 

High tempera ture  performance w i l l  

SYSTEbl OPERATION AND ANALYSIS 

A c l o s e d  loop system c o n f i g u r a t i o n  was which works on a n u l l  
ba lance  p r i n c i p l e .  The system i s  shown s c h e m a t i c a l l y  i n  Fig. 1 and i t s  block 

i s  p r e s e n t  t h e  diagram i s  contained i n  Fig. 2. 

f l e x u r e  i s  d isp laced .  The displacement  i s  sensed by a t r a n s d u c e r  (e .g .  an LVDT 
f o r  t r a n s l a t i o n a l  motion) ivhich has  an output  v o l t a g e  p r o p o r t i o n a l  t o  displacement  

The sensor  output  i s  amplif ied and used t o  d r i v e  a motor which produces a f o r c e  

i n  o p p o s i t i o n  t o  t h e  s k i n  f r i c t i o n  fo rce .  

and recorded  because it i s  p r o p o r t i o n a l  t o  motor f o r c e .  
t h e  measurements can be  made e s s e n t i a l l y  independent of  bo th  t h e  motor f l e x u r e  
c o n s t a n t  and changes i n  system g a i n  due t o  o t h e r  parameter changes as w i l l  be 

demonstrated . 

FX 
When a s k i n  f r i c t i o n  f o r c e ,  

Motor armature c u r r e n t  i s  measured 

With proper  d e s i g n  

The l i n e a r  d i f f e r e n t i a l  equat ion f o r  t h e  f l e x u r e  and i t s  a s s o c i a t e d  
i n e r t i a  is .. 

d F  + CFm - 
X K f e  = J8 (1) 

where:  F i s  s k i n  f r i c t i o n  d r a g ;  
X 

K i s  t h e  f l e x u r e  c o n s t a n t ;  
J i s  t h e  r o t a t i o n a l  i n e r t i a  of  a l l  moving p a r t s ;  
d i s  t h e  d i s t a n c e  from t h e  tangent  t o  t h e  f lexure;  

C i s  t h e  d i s t a n c e  from t h e  servo  motor t o  t h e  f l e x u r e ;  

f 



3 
8 i s  flexure displacement  angle. 
K i s  t h e  motor ga in  cons t an t  m 

It f o l l o w s  t h a t  

The motor f o r c e  i s  

F m = K  i m a  

where Km i s  t h e  motor f o r c e  cons tan t .  The motor armature v o l t a g e  is 

ea = i a R a  + Kv4e 

( 2 )  

(3) 

f o r  small  d e f l e c t i o n  ang le s  and n e g l i g i b l e  a rmature  inductance.  
a r e  very good here ,  

,0005 r a d i a n  o r  less. The d i s t a n c e  from t h e  flexure t o  t h e  motor is 4,  and t h e  motor 
back emf cons tan t  i s  K v ,  and B 

Both assumptions 

For example, t h e  t o t a l  motor d e f l e c t i o n  is expected t o  b e  

is t h e  a rmature  c i r c u i t  r e s i s t a n c e .  From Eq. (4 )  
a 

ea ( s )  - 4Kvs8(s) 
i (SI = (5) a 

Ra 

The armature  vo l t age  w i l l  be  t h e  output of t h e  sensor  m u l t i p l i e d  by t h e  ga in  

of  t h e  a m p l i f i e r ,  Ka. 
cons t an t  Ks t h e  t r ansduce r  ou tpu t  i s  4,K 0. 

180' phase s h i f t  so t h a t  t h e  system w i l l  have n e g a t i v e  feedback. 

For a t r a n s l a t i o n a l  t y p e  t r ansduce r  wi th  s e n s i t i v i t y  
The a m p l i f i e r  must  i n t r o d u c e  a 

S 
Thus 

( 6 )  e = - K s 4 8 K a  a 

From Fig. 2 t he  c losed  loop  t r a n s f e r  f u n c t i o n  i n  terms of  d rag  f o r c e  and 

motor a rmature  c u r r e n t  
- 

JIZ, 

i t y )  i s  

JRa JRa 

To demonst ra te  the  r e l a t i o n s h i p  between t h e  d r a g  force and t h e  motor 
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c u r r e n t  i n  t h e  s teady  s t a t e ,  assume t h a t  a s t e p  of  f o r c e  Fx/s i s  appl ied  t o  t h e  

system. I n  t h e  s teady  s t a t e  

by t h e  f i n a l  v a l u e  theorem. If 

Eq. ( 8 )  may be w r i t t e n  

d 

4 

- Fx ‘- 

Km 

_ _ -  - 
a,ss i 

Rom Eq. (3) t h e  v a l u e  o f  K m i r  may b e  i n s e r t e d  t o  show t h a t  

d 
Fm = -F - 

x . c  

(10) 

(11) 

Thus, by making t h e  a m p l i f i e r  g a i n  cons tan t  Ka s u f f i c i e n t l y  l a r g e  t h e  motor 

f o r c e  n u l l s  o u t  t h e  a p p l i e d  f o r c e  and t h e  motor c u r r e n t  i s  a d i r e c t  i n d i c a t i o n  

o f  drag force .  

From Eq. ( 8 )  and Eq. ( 9 )  it i s  apparent  t h a t  changes i n  system g a i n  
and changes i n  t h e  flexure c o n s t a n t  Ks do  n o t  a f f e c t  system accuracy  i f  t h e  
i n e q u a l i t y  of  Eq. ( 9 )  i s  s a t i s f i e d .  Thus, it i s  d e s i r a b l e  t o  make t h e  a m p l i f i e r  

g a i n ,  Ka ,  r e l a t i v e l y  l a r g e  c o n s i s t e n t  w i t h  system s t a b i l i t y .  
r e s u l t s  have demonstrated t h a t  K 
r e l a t i o n s h i p  of  Eq. ( 9 )  v a l i d  i f  s t a b i l i t y  compensation i s  added. 

Experimental  
can be  made s u f f i c i e n t l y  l a r g e  t o  make t h e  a 

The g r e a t e s t  sources  of  error a t  h igh  tempera tures  i s  a n t i c i p a t e d  
t o  be d u e  t o  v a r i a t i o n  o f  t h e  motor force c o n s t a n t  K 

z e r o  p o s i t i o n .  
assembly have been designed t o  minimize e r r o r s  due  t o  thermal  effects .  

t y p e  c o n s t r u c t i o n  h a s  been used t o  avoid tempera ture  dependent magnetic mater i  91s 

and t h e  p o s i t i o n  sensor  m 
The high tempera ture  model motor,  p o s i t i o n  t r a n s d u c e r  and f l e x u r e  

A i r  c o r e  
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and t o  make Kmand Ks independent of temperature  except  f o r  dimensional  s t a b i l i t y  

problems. 

t empera tu re  i n s t e a d  of  a permanent magnet f i e l d  a s  i n  t h e  low t empera ture  
model. 

T h i s  means t h a t  an electromagneti-c motor f i e l d  must  be used a t  high 

I n  o rde r  t o  a s s u r e  ope ra t ion  of t h e  system i n  t h e  amhient v i b r a t i o n  and 

a c c e l e r a t i o n  f i e l d  as well a s  opera t ion  over  a wide temperdture  range ,  it i s  
necessa ry  t o  pay p a r t i c u l a r  a t t e n t i o n  t o  t h e  form of  p i v o t s  used f o r  t h e  moving 

p a r t s .  The p i v o t s  must hold t h e  p a r t s  completely r i g i d  a g a i n s t  a l l  motion, 
except  f o r  r o t a t i o n  about t h e  measurement axis. To s a t i s f y  t h e  requi rements  
of t h e  c o n t r o l  system,backlash,  s t ic t ion and h y s t e r e s i s  must b e  zero  or  very  small .  
It would b e  p r e f e r a b l e  i f  t h e  p ivo t  exer ted  no r o t a t i o n a l  f o r c e s  of  i t s  own, such 
a s  t h e  s p r i n g  cons t an t  Kf Eq. (1) f f ,  used i n  d e r i v i n g  t h e  c o n t r o l  equat ions .  

The p r e c e d i n g  requi rements  i nd ica t ed  t h a t  t h e  b e s t  p i v o t  would 
probably b e  e i t h e r  an a i r  b e a r i n g  o r  a f l e x u r a l  p i v o t  bear ing .  
chosen f o r  i n i t i a l  s tudy because it i s  s e l f - con ta ined  and because of i t s  high 
r i g i d i t y  about t h e  non- ro ta t iona l  axes. To meet tempera ture  requi rements ,  it i s  
necessa ry  t o  use  m a t e r i a l s  which have high s t r e n g t h  a t  2000' F and which a r e  not 

b r i t t l e  a t  extremely low t empera tures .  
Haynes Alloy 25 a s  t h e  f l e x u r e  members. 

The l a t t e r  was 

I n i t i a l  s t u d i e s  are be ing  made us ing  

The extremely small f o r c e s  t o  be measured r e q u i r e  t h a t  t h e  sp r ing  
c o n s t a n t  o f  t h e  f l e x u r e  b e  very small r e l a t i v e  t o  t h e  c o n t r o l  loop  ga in  as 
shown by Eq. (91, 

i n  Fig. 3a, By adjustment  o f  t h e  t ens ion  i n  t h e  f l e x u r e s  t h e  r o t a t i o n a l  s p r i n g  

cons t an t  can be made p o s i t i v e ,  nega t ive  o r  zero. 

The re fo re  a t h r e e  member f l e x u r e  w i l l  b e  used as diagrammed 

The environmental  f o r c e  f i e l d  inc ludes  both t r a n s l a t i o n a l  and r o t a t i o n a l  

v i b r a t i o n s  and t r a n s l a t i o n a l  and r o t a t i o n a l  a c c e l e r a t i o n s ,  I n  o rde r  f o r  t h e  c o n t r o l  
system motor t o  not  need t o  overcome t h e  e f f e c t s  o f  t h i s  f i e l d ,  t h e  moving members 
a r e  toun te rba lanced  R S  shown i n  Fig. 3b. 
counterba lanced  about their own axis .  
f l e x u r e  system so t h a t  t hey  tend  t o  r o t a t e  i n  o p p o s i t e  d i r e c t i o n s  when an 

angu la r  a c c e l e r a t i o n  i s  app l i ed  t o  t h e i r  common base.  

and r o t a t i o n a l  i n e r t i a  e f f e c t s  a r e  cance l led .  

The two r o t a t i n g  members are  each 

They a r e  then  coupled t o g e t h e r  by a 

T h u q b o t h  t r a n s l a t i o n a l  
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EXPERIMENTAL RESULTS 

An experimental  model was b u i l t  and t e s t e d  a t  room tempera tures .  A 

C o l l i n s  Manufacturing Co. LVDT 55-203 with a s e n s i t i v i t y  of 1 v o l t  pe r  m i l  

was used t o  measure f l e x u r e  displacement.  A Bendix, Inc.  f l e x u r e  Model No. 
6016-800 was used ( t h e  experimental  system was not counterba lanced)  as t h e  
p ivot .  

of Alnico V mounted on t h e  s t i n g  f o r  t h e  f i e l d  and 2000 t u r n s  of  No. 30 
wire wound i n  a c o i l  1.5 inches  long t o  form t h e  armature o f  a so lenoid  
motor. 

used t o  o b t a i n  a m p l i f i c a t i o n  and motor d r i v e ,  

The motor cons i s t ed  of a 0,125 inch d iameter ,  1.0 jnch long p i e c e  

An o p e r a t i o n a l  a m p l i f i e r  followed by a u n i t y  ga in  power a m p l i f i e r  was 

The system parameters  are: 

K a  = 100 v/v Kv = n e g l i g i b l e  

Km = 43 lb/amp Ba = 99 ohms 

K = 0.5 v/mil 
S 

= 0.8 in.  lb , / rad Kf 

a f t  l b  s e s  
J = 5.8 X 10 

.c = 3.3 mJ 

Uncompensated open loop  frequency r e sponse  d a t a  a r e  shown i n  Fig.  4. 

As can b e  seen from t h e  p l o t ,  t h e  open loop  g a i n  cons t an t  i s  225, a va lue  

which is high enough t o  a l low r e l a t i v e l y  l a r g e  v a r i a t i o n s  i n  eny system parameter 

except  Km without  a f f e c t i n g  c a l i b r a t i o n  more t han  a f r a c t i o n  of a per  cent .  

example, t h e  flexure cons t an t  v a r i e d  5 per  cen t  when heated t o  500' F. 

change had n e g l i g i b l e  e f f e c t  on t h e  f o r c e  reading .  

For 
T h i s  

The mechanical resonance makes it  necessary  t o  use  l a g  compensation i n  
such a manner t h a t  t h e  resonant  peak frequency i s  nQll above t h e  c ros sove r  

frequency. 

not import  an t .  
LGg compensation was used i s  t h i s  c a s e  because speed of response  was 

A l i n e a r i t y  curve i s  shown i n  Fig. 5. It i s  apparent  t h a t  t h e  system 
i s  l i n e a r  t o  w i t h i n  1 per  cen t ,  

1 per  cen t  a t  room temperature ,  

The r e p e a t a b i l i t y  was a l s o  found t o  be w i t h i n  
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